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Abstract 
Interfacial gas enrichment (IGE) covering the entire area of hydrophobic solid-water interface 
has recently been detected by atomic force microscopy (AFM) and hypothesized to be responsible 
for the unexpected stability and anomalous contact angle of gaseous nanobubbles, and the 
significant change from DLVO to non-DLVO forces. In this paper, we provide further proof of the 
existence of IGE in the form of a dense gas layer (DGL) by molecular dynamic simulation. 
Nitrogen gas adsorption at the water-graphite interface is investigated using molecular dynamic 
simulation at 300 K and 1 atm normal pressure. The results show that a DGL with a density 
equivalent to a gas at pressure of 500 atm is formed and equilibrated with a normal pressure of 1 
atm. By varying the number of gas molecules in the system, we observe several types of dense gas 
domains: aggregates, cylindrical cap gas domains and DGLs. Spherical cap gas domains form 
during the simulation but are unstable and always revert to another type of the gas domains. 
Furthermore, the calculated surface potential of the DGL-water interface, -17.5 mV, is significantly 
closer to 0 than the surface potential, -65 mV, of normal gas bubble-water interface. This result 
supports our previously stated hypothesis that the change in surface potential causes the switch from 
repulsion to attraction for an AFM tip when the graphite surface is covered by an IGE layer. The 
change in surface potential comes from the structure change of water molecules at the DGL-water 
interface as compared with the normal gas-water interface. In addition, the contact angle of the 
cylindrical cap high density nitrogen gas domains is 141degrees. This contact angle is far greater 
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than 85 degrees observed for water on graphite at ambient conditions and much closer to the 150 
degrees contact angle observed for nanobubbles in experiments.  
Keywords: Interfacial gas enrichment, nanobubble, dense gas layer, non-DLVO force, AFM, MD  
1. Introduction 
Since their existence was first detected at the solid-water interface by atomic force 
microscopy (AFM)1 twenty years ago, nanobubbles (or nanopancakes) have been produced via 
various formation procedures: solvent-exchange2-4, substrate heating5, 6 and electrical chemical 
formation7, 8 as imaged or detected by AFM9-11 and recently by optical microscopy visualization12, 
13. The interfacial nanobubbles exhibit a number of peculiar properties compared to macro or micro 
sized bubbles, including unusually large contact angle values on the liquid side (about 150 degrees) 
and longer lifetimes (hours to days) than expected 10, 11, 14.  
Several mechanisms have been proposed to fill the gap in understanding the experimental 
evidence: contamination layer model15, dynamic equilibrium model5, 16, 17, high density gas bubble 
model18, 19, and recently contact line pinning model20, 21. Seddon et al.22 provided an extensive 
review on the contamination layer and dynamic equilibrium models. For the high density gas 
bubble and contact line pining models, it is hypothesized that very slow gas diffusion results in the 
long life of nanoscopic gas domains. However, none of these models can comprehensively explain 
the formation and stability of these nanoscopic domains.   
Recently, Peng et al.23 used the AFM force mapping technique and measured long-range 
attraction forces (non-DLVO forces) between an AFM tip and nannobubbles at the interface 
between water and highly ordered pyrolytic graphite (HOPG). One characteristic of the AFM 
characterization is the jump-in distance, i.e., where strong attraction force appears. The long-range 
attractive force over the surface is grouped into two areas, circular areas of longer-range 
(nanobubbles) with jump-in distances of approximately 30 nm, and the area (assigned as non-
nanobubbles) with smaller values of jump-in distance of approximately 15 nm. Both are outside the 
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range of attraction from van der Waals forces which is expected at a distance of approximately 1-5 
nm based on the DLVO theory24, 25 . The attraction between the tip and the surface after nanobubble 
generation is different from the repulsive force of the electrostatic double layer (EDL) interaction at 
the HOPG-water interface. Since attraction was detected over the whole surface by the force 
mapping technique, it was proposed that interfacial gas enrichment (IGE) layer covered the entire 
area among nanobubbles and would be responsible for the non-DLVO attractive forces. The lack of 
EDL repulsive interaction indicates that the surface potential of the water-IGE interface may be 
closer to 0 than that of  normal gas bubble-water at value of -65 mV26, 27 (experimental data) – the 
potential of the HOPG-water interface at neutral pH is about -22 mV28 (experimental data). From 
the AFM experiment series it was hypothesized that the interface between the IGE and water 
molecules was materially different from that of a regular water-gas interface. However, this 
mechanism is hard to verify directly by experiments.  
Molecular simulation has played an important role in understanding the formation of gas 
enrichment or nanobubbles on solid surfaces. Dammer and Lohse17 performed molecular dynamics 
simulations of Lennard-Jones (LJ) gas-liquid mixtures to study the density profile of dissolved gas 
at the hydrophilic and hydrophobic solid walls. They showed that there is significant gas 
enrichment near the hydrophobic wall. However, Bratko and  Luzar29 reported that the gas 
enrichment near the wall was not significant with varying interaction strengths when they used 
water and gas molecules as modeling instead of  LJ particles. Later, Sendner30 also showed that 
different gases dissolved in water solution on a diamond-like structure solid surface. The gas 
enrichment for all gas types was modest and significant only within 1 nm of the surface. However, 
all these simulation works only reported the localized gas aggregates instead of a gas layer covering 
the surface.  
Simulations of nanobubbles or multiple gas domains formed at solid surface are less 
numerous. Only Wang et al.19  have reported the molecular simulation of nanobubbles or dense gas 
layers (referred to as micropancakes) between a water and a graphite surface. They reported that the 
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density of nanobubbles or micropancakes is much higher than gas at ambient conditions with values 
up to 40% of the saturated liquid at 77 K. Later, they proposed the high density theory to explain 
nanobubble stability based on gas diffusion theory18. However, their simulation only focuses on 
formation of nano-sized gas domains on the solid surface but does not explain the unusual large 
contact angle of nano-sized gas domains. 
Here, we utilize the molecular dynamics simulation to study the nitrogen gas adsorption at the 
water-graphite interface. We will first show that high density gas domains are stable and that these 
domains exist either as aggregates, cylinders or gas layers, depending on the number of gas 
molecules in the system. The interfacial properties of the graphite-high density gas-water system, 
interfacial potential and orientation of water molecules are used to explain why an AFM tip is 
repelled by a water-graphite interface but attracted to the gas-water interface of a gas layer on 
graphite. In addition we will show that the cylindrical high density gas domains have a contact 
angle comparable to those observed for nanobubbles in the AFM experiments. These will also 
provide the further understanding on formation and stability of multiple-type gas domains at the 
graphite-water interface.     
2. Molecular simulation  
2.1 Interaction Models 
The SPC/E water model was used to describe the liquid water as this water model has been 
investigated comprehensibly31-35. The parameter for nitrogen gas was the Universal Force Field 
(UFF) model which was used by Wang et al.19. The carbon parameter for solid graphite is used  
same as the value reported by Werder et al.34.  These potential parameters are also verified based on 
evaluating contact angle of water droplet on graphite mentioned in section 2.3. Using this technique 
with a cylindrical drop, we calculate a contact angle of 85˚ which is in agreement with the work of 
Werder et al. 34, 35. The standard Lorentz-Berthelot type mixing rules were used to obtain the LJ 
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parameters between atoms of different species in both sets of potential parameters as shown in 
Table 1.   
Table 1. Potential parameters of atoms used in simulation   
Atom Molecule σ  
(nm) 
ε  
(kJ/mol) 
charge 
(e) 
O Water 0.3166 0.6502 -0.8476 
H Water 0 0 0.4238 
N Nitrogen 0.3261 0.2887 0 
C Graphite 0.3190 0.3920 0 
 
2.2    Molecular simulation settings 
The simulations were performed in the NVT ensemble (at constant volume and temperature) 
or NPT ensemble (at constant pressure and temperature) using the GROMACS package36. The 
temperature was fixed at 300 K by using Berendsen temperature coupling method. The system 
pressure was only applied to the normal to the solid surface and coupled by Berendsen method at 1 
atm. Both LJ and electrostatic interactions were truncated at 1.0 nm. Long-range electrostatic 
interactions were corrected by the Ewald summation method using Particle Mesh Ewald for the 
reciprocal part37. Two sheets were placed at distance of 0.1 nm and 0.44 nm from bottom of 
simulation box with a surface area of 6.9 × 6.6 nm used to fit the periodicity of the graphite surface. 
The height of simulation box was varied based on the simulation conditions. The leapfrog method 
with a time step of 1 fs was used to integrate the particle motion. The running time ranged from 3 to 
12 ns depending on the property of interest.  
2.3 Contact angle simulation  
We implemented the same procedure used in previous papers by our group38, 39 to obtain the 
contact angles, θ,  for water droplets on the graphite surface and dense gas domains at the water-
graphite interface. Here, we provide a brief description on this procedure. In general, the 
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determination of contact angle by molecular simulation normally involves three steps. First, the 
ensemble average mass densities within grid volumes are calculated from the simulation relative to 
the center of mass of droplet. The grid points are then fitted with a spline to find the position of the 
interface at the defined interface density. Once the positions of the interface are obtained and the 
positions are fit with a circle function to calculate the contact angle. 
The contact angle was calculated between the tangent of the fitting function and the solid 
surface. Here, we used mass center of the top layer of graphite (z = 0.44 nm) as the solid surface.  
Only grid volumes 0.62 nm or more above the surface were used in the fitting. For water droplet on 
the graphite surface, the position of interface was defined as the being where the density was equal 
to half of the bulk water density (~ 16.5nm-3).  For dense gas domains between water and graphite, 
the position of interface was defined as the being where the density was equal to half of the 
equilibrium bulk density (~ 4.5nm-3) as shown in Figure 1. In the following sections, we report the 
contact angle only from water side. So it is 180˚-θ  for dense gas domains and θ for water droplet.  
 
Figure 1. Density profile (in the unit of nm-3) of nitrogen gas domain on top of graphite surface by 
molecular simulation.  The z coordinates have been shifted to relate with solid surface at z = 0.44 
nm. Note: water molecules are surrounded in this gas domain.  
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2.4 Calculation of interfacial tensions for liquid-solid-vapor interfaces    
We have used the weighted test-area method38 to determine the interfacial tensions between 
liquid-vapor, solid-liquid, and solid-vapor phases in determining the Young’s equation contact 
angle by Monte Carlo (MC) simulations. We have determined the interfacial tension between 
normal pressure nitrogen-graphite, normal pressure nitrogen-water, dense nitrogen-graphite, dense 
nitrogen-water and water-graphite. The Steele potential was used to represent the graphite solid 
surface 40, 41 for the surface tension calculations. For carbon, water and nitrogen gas molecules, the 
parameters are same as in Table 1. Both LJ and electrostatic interactions were truncated at 1.2 nm 
without long-range corrections 42.  
 
2.5 Calculation of interfacial potential   
The atomic approach was used to determine the effects of the atomic partial charge 
distributions on the electrostatic surface potential difference across the vapor-liquid interface. The 
surface potential difference across the interface is defined by 43, 44: 
0
0( ) ( ) ( )
z
z
z
z z E z dzφ φ φ∆ = − = ∫                                                                                    (1) 
Normally, 0z  is a reference point in the charge-free vapor region, ( )zφ and ( )zE z  are the electrical 
potential and electric field derived from point charges along z axis across the vapor-liquid interface. 
( )zE z  is calculated by integrating the charge distribution along the z axis from the vapor to the 
liquid phase, i.e., 
0
0
1
( ) ( )
z
z q
z
E z z dzρ
ε
= ∫
                                                                                               (2) 
where ε0 is the vacuum permittivity and ( )q zρ  is the ensemble averaged charge density profile 
which was evaluated in slabs of 0.05 nm thickness along the z axis. 
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If we chose a 0z  value of 2.5 nm for pure water system at 300 K, as shown in Figure 2, we 
obtain a surface potential difference value, φ∆ , of -600 ± 10 mV which is close to the simulation 
values reported by other groups32, 43, 45 but is significantly larger than the surface potential  values 
reported from air-bubble experiments in the range from -40mV to -65mV27, 46, 47. However, there is 
another electrical field zero point at z = 3.2 nm as the consequence of the reversal of electrical field 
in which corresponds to the minimum value of the potentials. As the studied by Wilson et al. 44, this 
minimum value suggests that there are two different structural features of interfacial region of water 
vapor and this would represent of the real potential difference between interfacial and bulk water 
phases. We calculated the potential difference between minimum value and bulk water is -40 ± 10 
mV. This value is much close to the range of experimental zeta potential values. Here, we define 
this difference gap as the apparent interfacial potential. 
0
1
( ) ( ) ( )
a
z
a
a z
z
z z E z dzφ φ φ
ε
∆ = − = ∫                                                                                        (3) 
where az =3.2 nm is a reference point the electrical field change from positive to negative in ( )zE z
= 0. We use this value as the surface potential of systems in the following sections. 
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Figure 2. Electrical field (dashed line) and potential (solid line) as a function of distance across the 
vapor-water interface for pure water at 300 K. Dashed arrows at z0 = 2.5 nm and 3.2 nm point the 
two places to determine the potential difference. Peak 1, dip1, and bulk will be used for angle 
orientation.  
2.6 Local density and angle orientation   
As mentioned in the surface potential Section, the structural analysis of water molecules at 
vapor-liquid interfaces, such as density and angle orientation, can be used to reveal changes of 
surface properties. To investigate the orientation of water molecules at vapor-liquid and solid-liquid 
interfaces, we recorded the two angles between water molecules and the interface normal (z-axis) 32, 
48 as shown in Figure 3. θ  is the angle between the water dipole vector and the z-axis and ϕ is the 
angle between an OH bond and the z-axis. The angle varies from 0o to 180o with angle of 90o 
corresponding to when the OH bond is parallel to the interface. To reveal the angle distribution of 
water molecules, the probability of a bond/dipole have a certain projection, ( ){ }cos iP ϕ , is 
calculated as follows:  
( ){ }
( )
( )
1
cos
cos
cos
i
i n
i
i
P
ϕ
ϕ
ϕ
=
=
∑
 (4)                                                                                                  
  
where the simulation system is divided into 0.05nm thick slices and n is sampling number of cosine 
values of ϕ.  Figure 4 shows the orientation profiles of water at the liquid-vapor interface for a 
saturated system at 300 K. The water molecules show clearly double layer structures. At the 
outmost layer (peak1) with thickness of 0.05nm, one OH bond is pointing normal to the interface, 
and the other OH bond is forming an angle of 70˚ with the normal. At the innermost of interface 
(dip1), the angle preference of OH bond is offset from the peak1 layer approximately. This 
phenomenon has also been reported by other researchers 32, 45. 
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Figure 3. Schematic graph of the definition of the hydroxyl angle ϕ and dipolar angle θ  for the 
water molecules. Two angles are defined with respect to the interface normal z axis. 
 
 
  
Figure 4. OH bond orientation of water molecules at vapor-liquid interface for one of OH bond. 
Peak1, dip1 and bulk are defined in Figure 2. 
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θ
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3. Results and Discussion 
3.1    Multiple type of gas domains formed at water-graphite interface 
Besides nanobubbles, other types of gas domains (nanopancakes and gas layers) are reported 
by using different methods of generating nanobubbles at water-graphite interface23, 49-51. In 
attempting to reproduce this variety in molecular simulation, we placed a varying number of 
nitrogen molecules (N = 100, 200,300, 400, 600, 1000 and 2250) in a cubic grid on top of two 
layers of graphite. The initial nitrogen density in this grid is 8 nm-3. The remainder of the simulation 
box, with dimensions of 6.9 × 6.6 × 7.0 nm, filled with water molecules at a density of 33.1 nm-3 of 
the simulation is then run in the NPT ensemble at 300K and 1 atm for over 5 ns.  
As shown in Figure 5, depending on the number of gas particles used in the simulation, 
various nitrogen gas domains were formed: aggregates, spherical cap, cylindrical cap, and density 
gas layer (DGL) 60. For N =100 and 200, the nitrogen gas molecules diffused into water and only 
formed some local aggregates. For N = 300 and 400, the nitrogen gas molecules formed only a 
cylindrical gas domain. For simulations with more than 600 nitrogen molecules, the nitrogen spread 
across the whole solid surface and formed a DGL. The density of DGL, ρN (= 9.0 nm-3), is about 
50% of saturated liquid nitrogen density (= 17.5 nm-3 or 806 × 103 g/m3) at 77 K52. This density is 
equivalent to a gas at 300 K and 500 atm. As shown in Table 2, we did not observe a stable 
spherical cap gas domain even though this domain was formed during the simulation time as shown 
in Figure 6.   
Based on density profile as shown in Figure 8 in Section 3.2, the calculated average number 
of nitrogen molecules for covering one layer of solid surface is about 169. In combining with data 
in Table 2, we see that when the number of gas molecules is insufficient for one layer, they tend to 
form local aggregates on the solid surface. When the number of gas molecules is less than two 
layers (across the whole surface), they tend to form cylindrical gas domains. When number of gas 
molecules is sufficient to form two layers or more, there is only DGL formed. The height of the 
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dense gas layer increases with increasing number of nitrogen molecules to maintain the same 
density in the gas layer. 
 
   
 
Aggregates  Spherical cap Cylindrical cap DGL  
     
 
Figure 5. Color representation and snapshot form MD simulations for multiple gas domains on 
graphite surface (water molecules are omitted). 
 
Table 2. Summary of multiple gas domains formed by different numbers of gas molecules and 
running time used in the simulation. The color scheme for the domains is shown in Figure 5.   
Number of  N2 
Running Time (ns) 
0.5 1 1.5 2.0 2.5 3.0 5.0 
100        
200        
300        
400        
600        
1000        
2250        
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(a)                                    (b)                                                   (c) 
Figure 6. Snapshot of nitrogen gas domains formed during the molecular simulation with N=1000 
a) at 0.5ns, b) at 1.5 ns and c) after 2.5 ns. Water molecules are not shown in these graphs.   
3.2    Stability of DGL  
Even though a DGL may explain the observed attraction of an AFM tip with nanobubbles and 
gas layer, it is yet to be shown that such a dense layer is stable. To investigate the stability of DGL, 
we constructed two simulations with different initial densities of the dense nitrogen layer whilst 
applying a normal pressure of 1 atm. If there is a stable DGL, the two simulations should end up 
with same density at equilibrium. If not, the two simulation systems may diverge from one another.        
The first simulation started with a grid of nitrogen gas molecules (N = 2250, 6 × 6 × 8 nm) on 
top of two layers of graphite with water molecules (N = 7754) filling the remainder of the 
simulation box of 6.9 × 6.6 × 14.0 nm. The initial nitrogen density was around 7.8 nm-3 and was 
referred to as the “compressing” case. The second simulation was identical except the initial grid of 
nitrogen molecules being more compact so the initial nitrogen density was 14 nm-3 and was referred 
to as the “expanding” case. Both simulations were performed in the NPT ensemble (300 K and 1 
atm) to obtain equilibrium density profiles with a running time of 12 ns.  
As shown in Figure 7, for the expanding case, the nitrogen density decreased with running 
time. We observed the length of nitrogen slab was expanding on side of water slab as shown in 
Figure 8-a. After 9 ns running time, the density was levelled off at 9.0 ± 0.17 nm-3. For the low 
initial nitrogen density (“compressing” case), the bulk nitrogen density increased with running time 
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as shown in Figure 8-b. After 9 ns running time, the density levelled off at 8.9 ± 0.15 nm-3, meaning 
that the equilibrium density was in agreement with the “expanding” case within uncertainty.  
In general, due to the significant difference of gas solubility in different solvents, the excess 
gas molecules will be absorbed by solid particles to form various nanoscopic gas domains. 
However, now, we also need to evaluate whether this DGL between water and graphite surface is 
feasible from the amount of gas available in the solvent exchange system used by our group. From 
experimental observations, the height of nanoscopic domains is generally ranged from 10 nm to 100 
nm10, 53. From our experiment using the ethanol-water exchange method for nanobubble formation, 
the cell volume is around 1 mL and a surface area of 1×10-4 m2. The solubility of nitrogen gas in 
ethanol and water at 300K and normal pressure is 149 mg/L and 8.9 mg/L, respectively54. So the 
excess gas which is produced by ethanol-water exchange in the cell is around 0.14 mg.  Even for a 
DGL height of 100 nm, we need only 0.0042 mg of nitrogen gas to form the gas layer at the high 
density observed in the simulations in this section (9.0 nm-3). So only a small fraction of the 
nitrogen liberated by the solvent exchange process is required to form the DGL. 
 
Figure 7. The density in the gas layer in the region between 2 and 3.5 nm from the surface versus 
running time in the expanding and compressing cases (refer to text).    
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Figure 8. Nitrogen and water density profiles along z axis with three different running times a) for 
the expanding case and b) for the compressing case.   
3.3  Interfacial properties of DGL-water interface   
An attraction between an AFM tip and nanobubbles was observed by Peng et al.23. This is in 
contrast to the interaction between the tip and the submerged graphite surface without nanobubbles 
which is repulsive. The lack of a significant EDL repulsive force for gas layer-water interface was 
(a) 
(b) 
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posited to be due to the reduction in surface potential of a nanobubble compared to a surface 
without nanobubbles. To reveal the interfacial properties of two interfaces: DGL-water interface 
and normal-gas interface, two different simulation systems were performed.  
To understand the normal gas-water interaction, the initial cubic box of water and nitrogen 
mixtures with ratio of 889:4 (3 × 3 × 3 nm) was setting in the middle of simulation box 3 × 3 × 9 
nm. The simulations were performed at the canonical NVT ensemble at 300 K for 3 ns. The 
calculated number density of water and nitrogen was 33.1 ± 0.5 nm-3 and 0.04 ± 0.03 nm-3, 
respectively. As shown in Figure 9-a, the calculated apparent interfacial potential for gas-water 
interface is -68 ± 12 mV, in which is more negative than the pure water-vapor interface without 
nitrogen but is closer to the experimental value at -65 mV 26, 27. As shown in Figure 10-a, the OH 
bond orientation at this interface is almost same to that in Figure 4.        
For the other simulation system, a high density layer of nitrogen gas was placed between 
water and graphite. A slab of nitrogen gas molecules (N = 2250, 3 × 3 × 6 nm) was placed on top of 
the graphite layers with minimal with the remainder of the simulation box, 6.9 × 6.6 × 12 nm, filled 
with water molecules (N = 8001) at liquid density. The simulation was performed in the NVT 
ensemble at 300 K for 3 ns. After 2 ns running time, the dense gas layer (DGL) formed between 
graphite and water. Then, the electrical field and potential profile were calculated for this DGL-
water interface and is shown in Figure 9-b. The calculated interfacial potential is only -17.5 ± 5 mV 
which is much closer to 0 than the value at the gas-water interface when the gas phase pressure is 1 
atm.  As shown in Figure 10-b, the orientation profile of the OH bond for the out layer at peak1 is 
pointed normal to the interface and away from the water. This is similar to the low pressure gas-
water interface. However, for the inner layer at dip1, there is no obvious offset profile of peak1 as 
was seen for the low pressure gas-water interface. This change in interface structure, from low 
pressure to high pressure, results in the large change in surface potential.  
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Figure 9. Electrical field and surface potential profile of a) the normal gas-water interface, b) the 
DGL-water interface.   
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Figure 10. OH bond orientation of water molecules at a) the normal gas-water interface, b) the 
DGL-water interface. Peak1, dip1, and bulk are defined in Figure 2.  
(a) 
(b) 
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3.4   Contact angle of cylindrical gas domain at water-graphite interface   
In addition to the issue of attractive force between the AFM tip and the gas layer, there is the 
issue of the large contact angles of nanobubbles (from the water side). This has been linked by some 
researchers as being due to line tension10, 11, 14, 53. However, we have indicated that line tension has 
limited effect on change of contact angle of nanodroplets38. We evaluated the contact angle for 
cylindrical gas domains in the simulations by method described in Section 2.3. We obtained the 
value of 141.1±1.7 degrees as measured from water side for most cases. This is significantly larger 
than the contact angle of water droplet at ambient pressure of 85.1±1.5 degrees as shown in Table 3 
by same cylindrical shape but is much close to the reported nanobubble contact angle values (~150 
degrees) by the AFM experiments 22, 50, 55, 56.  
To further investigate the reason of this large contact angles for this cylindrical gas domains, 
we implemented the method to calculate the components of interfacial tension as described in 
Section 2.4. As expressed in Young’s equation, the contact angle, θY, made by a macroscopic 
droplet of a liquid on a smooth solid surface is a balance among the interfacial tensions of the solid 
and vapor, svγ  ,the liquid and vapor, lvγ  , and the solid and the liquid, slγ
57. It is described by 
( ) sv slY
lv
cos
γ γ
θ
γ
−
=  (5) 
 In the previous research by this group38 , it has been shown that the contact angles, θc from the 
cylindrical drops and Young’s angle, θY based on equation (5) agree very well over the range of 
surface strengths for LJ fluid system. As shown in Table 3, the vapor-liquid interfacial tension for 
water is similar to values previously reported for SPC/E water from both MC and MD simulations 
45, 58, 59. For the water-graphite interfaces, the calculated Young’s angle (88.8±1.8 degrees) is close 
to the “measured” contact angle by cylindrical water droplet on the graphite surface. As for dense 
gas domain, we found that there is the significant increase in interfacial tension value of graphite-
dense gas and considerable decrease in interfacial tension of water-dense gas. These have increased 
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the calculated Young’s angle up to 144.7 ± 2.1 degrees, which is in good agreement with the value 
obtained from the cylindrical gas domain as discussed at the beginning of this Section.  
 
Table 3. Simulation results for the liquid-vapour, solid-liquid and solid-vapour interfacial tensions, 
the cylindrical contact angle (θc) (taken from the water side) and Young’s contact angle (θY) using 
Eq. (5) for two different gas pressures. 
 
 
4. Conclusions  
The molecular simulation work show that a dense gas layer with a density of 9 nm-3 is formed 
when equilibrated with a normal pressure of 1 atm and temperature of 300K on the water-graphite 
interface. By varying the number of gas molecules in the system, we observed that several types of 
dense gas domains could exist, namely, aggregates, cylindrical gas domains, and DGL. Spherical 
gas domains formed during the simulation but were unstable and always revert to another type of 
gas domains. Furthermore, the calculated surface potential of the DGL-water interface, -17.5 mV, is 
significantly closer to 0 than the surface potential, -65 mV, of normal gas bubble-water interface. 
The change in surface potential has come from a slight change in the structure of water molecules at 
the DGL-water interface compared with the normal gas-water interface. This supports our 
hypothesis from our previous experimental work that the change in surface potential causes the 
switch from repulsion to attraction for an AFM tip when the graphite surface is covered by a gas 
Simulation conditions Interfacial tensions (mN/m) Contact angle value(˚) 
Water-graphite interface lvγ  slγ  svγ  θY  θc   
Normal gas pressure at 1atm 61.1±1.5 -1.83±0.03 -0.55±0.01 88.8±1.8       85.1±1.5 
Dense gas pressure at 500atm 53.8±1.7 -1.83±0.03 -45.8±0.9 144.7±2.1     141.1±1.7 
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layer. In addition for the cylindrical gas domain, the evaluated contact angle (141 degrees) is far 
greater than the value of 85 degrees observed for water on graphite at ambient conditions and close 
to the experimentally measured contact angle of nanobubbles (150 degrees). This simulated contact 
angle was verified by calculating the contact angle with Young’s equation using the interfacial 
tension components to give the same result within uncertainty (144 degrees). Together, the contact 
angle and surface potential support the existence of a high density gas layer between water and 
graphite surface. 
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& y axes) and height density profile (z axis). For aggregates, the gas molecules randomly 
distributed at the solid surface and there is only one peak at the height density profile. For 
spherical drop, most of the gas molecules nucleate at the solid surface and did not spread 
across the surface. The height of drop will be higher than the corresponding cylindrical shape. 
For cylindrical drop, most of the gas molecules also nucleate at the solid surface but spread 
along one axis (such as y axis) to form a cylindrical shape. The height density profile is 
similar to the line of Nitrogen_0.8ns in Figure 8 (a). For DGL, the gas molecules spread cross 
the whole surface to form a layer structure as. The height density profile is similar as the line 
of Nitrogen_5.6ns in Figure 8 (a). 
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